The luteinizing hormone-induced morphological and physiological reorganization of the bovine follicle is preceded by a profound and well-orchestrated modulation of gene expression. In the present study, the cell type-specific methylation profiles of CYP11A1, HSD3B1, and CYP19A1, genes that encode key enzymes of steroid hormone biosynthesis, were analyzed to elucidate whether epigenetic parameters such as DNA methylation might be involved in gene regulation during luteinization. Transcript abundance and DNA methylation levels were determined in granulosa and theca of large dominant and late preovulatory follicles and in large granulosa lutein cells isolated from corpora lutea cyclica and graviditatis. Levels of the steroid hormones progesterone and estradiol-17beta were monitored to assess the physiological status of individual follicles. From our results, we conclude that (1) individual, even closely neighboring, CpG dinucleotides can show very different methylation levels; (2) proximal (,300 base pair [bp] from the respective transcription start sites) but not distal CpGs show cell typespecific methylation levels; (3) higher methylation levels suggestively preclude high levels of gene expression; (4) DNA methylation is not involved in the transient (HSD3B1 and CYP11A1) respectively permanent (CYP19A1) down-regulation of gene expression in late preovulatory follicles; and (5) DNA methylation may have a role in the permanent shutdown of promoter 2-directed CYP19A1 expression in large (granulosa derived) lutein cells.
INTRODUCTION
Transformation of the dominant estradiol-17beta (E2)-producing follicle into a functional progesterone (P4)-producing corpus luteum (CL) during the estrous cycle is accompanied by a profound molecular, physiological, and morphological reorganization of somatic cells [1] . This process is initiated by the preovulatory luteinizing hormone (LH) surge. In bovine follicles, theca and granulosa are cellular layers that are separated by a basement membrane, with the granulosa directly bordering the antral cavity. Two genes in particular, CYP17 (which encodes the key enzyme of androgen biosynthesis, steroid 17-alphahydroxylase/17,20 lyase [P450C17]) and CYP19A1 (which encodes cytochrome P45019A1 [P450AROM], the key enzyme of E2 biosynthesis) have been shown to be strongly downregulated by LH in the theca and granulosa, respectively [2] [3] [4] . In a recent study [4] in which the expression levels of several genes encoding key molecules of steroid biosynthesis and hormone receptors were analyzed, it was demonstrated that late preovulatory follicles show a transient gene expression profile that is clearly different from both the preceding and subsequent (follicular and luteal, respectively) stages. Expression of CYP19A1 is directed from different promoters with tissuespecific activity [5] [6] [7] [8] [9] . In the bovine ovary, CYP19A1 is exclusively expressed in the granulosa [10] . In cattle, as in several other mammalian species, it has been demonstrated that promoter 2 is the principal granulosa-specific promoter [9] . The activity of promoter 2 is completely down-regulated in luteal cells; only residual expression from an alternative promoter, promoter 1.1, which is mainly active in the placenta, could be detected [11] . This coincides with the observation showing that CpG dinucleotides within promoter 2 are basically unmethylated in granulosa but methylated in luteal cells, suggesting that DNA methylation may be involved in silencing promoter 2-derived high-level expression during luteinization [11] . It has also been reported for the bovine and ovine placenta that high-level expression coincides with hypomethylation of the main placental promoter [12] [13] [14] . Also in the case of the bovine oxytocin locus, it has been found that promoter methylation and chromatin compaction correlate with up-and down-regulation of gene expression in differentiating bovine granulosa cells [15] .
In vertebrates, methylation of cytosines (C) to 5-methylcytosine, which occurs only in the context of CpG dinucleotides, establishes a structural substrate for alterations in chromatin structure. Cytosine methylation imprints a specific methylation pattern on the DNA sequence and usually serves to properly silence genes in a tissue-specific manner during development [16] . To date, it is not clear whether DNA methylation also changes during later occurring differentiation processes such as folliculogenesis and luteinization. It has recently been shown, however, that the abrupt shutdown of alpha-S1-casein synthesis in mammary epithelial cells during acute mastitis is clearly connected with DNA remethylation around a STAT5-binding enhancer element in the corresponding CSN1S1 gene [17] .
These and the previously discussed observations led us to hypothesize that DNA remethylation may be involved in the LHinduced down-regulation of CYP11A1 and HSD3B1 and the complete shutdown of promoter 2-derived CYP19A1 expression in the granulosa [4] . Down-regulation of CYP11A1 and particularly of HSD3B1 is only transient because the transcript abundance of both genes is greatly up-regulated in luteal compared with granulosa cells [18] . To test this hypothesis, the cell type-specific methylation and expression levels of CYP11A1, HSD3B1, and CYP19A1 (which encode the key enzymes of steroid hormone biosynthesis; cholesterol side-chain cleavage enzyme, mitochondrial [P450SCC], 3-beta-hydroxysteroid dehydrogenase [3-beta-HSD]; and P450AROM; respectively) were determined in granulosa and theca of large dominant and late preovulatory follicles. To track further the epigenetic fate of granulosa cells during luteinization, the methylation and expression levels of HSD3B1 and CYP19A1 were also determined in large presumably granulosa-derived luteal cells that were manually isolated from CL cyclica and graviditatis.
MATERIALS AND METHODS

Collection and Characterization of Large Dominant and Late Preovulatory Follicles
In the present methylation study, the same follicular samples were used as in the recently published study [4] on gene expression profiles. Briefly, follicles were collected from heifers or cows of the Holstein-Friesian breed or of a Charolais 3 Holstein-Friesian crossbreeding family after slaughter and were immediately processed. For collection of large dominant follicles, the numbers, sizes, and locations of follicles (!5 mm) of a growing cohort were monitored in normally cycling cows after ovulation 3 days and 21 h before slaughtering by ultrasonography using a transrectal 5-MHz linear transducer (Aloka SSD-500; Aloka GmbH, Meerbusch, Germany). Animals were slaughtered at Days 6-16 of the estrus cycle, and the largest growing or stagnating but not regressing follicle of each animal was collected (n ¼ 10, one follicle per animal).
To collect late preovulatory follicles (n ¼ 6), two normally cycling HolsteinFriesian cows and four Holstein-Friesian heifers were ultrasonographically examined and treated with 500 lg of prostaglandin F 2a (PGF 2a ) (PGF Veyx forte; Veyx Pharma GmbH, Schwartzenborn, Germany) at Day 8 or 9 of the cycle to induce luteolysis. Forty-eight hours later, all animals were scanned and injected with 100 lg of a gonadotropin-releasing hormone (GnRH) analogue (Gonavet Veyx, Depherelin; Veyx Pharma GmbH) to induce the LH surge. The animals were slaughtered 21 h after the GnRH injection, and the largest growing follicle of each animal was collected. Liver samples from seven different animals were collected as negative nonexpressing controls. Animals were supplied by the Large Animal Facility of the Forschungsinstitut für die Biologie landwirtschaftlicher Nutztiere. All procedures involving living animals (injections and ultrasonographic examinations) were in accord with the German law for animal protection (Tierschutzgesetz) and in compliance with the European legislation on the care and use of animals.
The presence of PTGS2 transcripts, which encode cyclooxygenase 2, the key enzyme of PGF biosynthesis, within the granulosa was used as a conclusive marker for the late preovulatory stage of follicles [19] . This is described in detail in the previous study [4] .
The P4 and E2 content of the follicular fluid of each individual follicle was determined by radioimmunoassay as described previously [20] . The ratio of E2:P4 was calculated to distinguish E2-active (E2:P4, .1) healthy dominant follicles from E2-inactive (E2:P4, 1) potentially early atretic follicles [4] . According to the stage of differentiation and to the intrafollicular ratio of E2:P4 concentrations, follicles were divided into the following groups: (1) large dominant E2-active follicles (E2:P4, .1), (2) large dominant E2-inactive follicles (E2:P4, 1), or (3) late preovulatory follicles.
Isolation of Granulosa and Theca
Antral granulosa was isolated as described previously [4] . The antral cavity of each follicle was punctured with an 18G needle, and the follicular fluid, together with the cumulus-oocyte complex and free-floating or only slightly adherent cells of the granulosa, was aspirated. The fluid was centrifuged (400 relative centrifugal force (RCF) for 2 min), the cell-free supernatant was frozen and stored at À208C for determination of steroid concentrations, and the sedimented cells were frozen in liquid nitrogen and stored at À808C for DNA and RNA preparation. The theca fraction (T) was isolated by carefully scraping off the inner (antral) side of the follicular wall with a scalpel blade to remove any residual granulosa from the antral side of the basement membrane and washing several times in PBS. The remaining membrane, together with the theca attached to its outer side, was transferred to RNAlater solution (Qiagen, Hilden, Germany), stored at 48C overnight, and then transferred to À208C for storage until DNA and RNA preparation.
Isolation of Luteal Cells
Corpora lutea cyclica (Days 6-14, n ¼ 16) were obtained from regularly cycling cows during the first lactation. The ovarian cycle was monitored by ultrasonography to determine the day of cycle. Corpora lutea graviditatis (n ¼ 4) were obtained during early (Day 19, n ¼ 2) and mid (Days 132 and 135, n ¼ 2) pregnancy. Ovaries were collected after slaughter and were immediately processed. Corpora lutea were dissected, washed twice in Hanks balanced salt solution (HBSS; Biochrom, Berlin, Germany) without Ca 2þ and Mg 2þ , cut into small pieces (,0.5 cm) with scissors, transferred to 30 ml of HBSS with Hepes (25 mM) and 0.1% collagenase (Serva, Heidelberg, Germany), and incubated in 500-ml flasks three times for 45 min each at 378C while shaking. Between each of the three incubation steps, the cell and tissue suspension was filtered through a stainless steel screen (100 mesh/in; Sigma, St. Louis, MO). The filtrates of all three digestions were transferred to 50-ml tubes, and the cells were sedimented by centrifugation at 250 RCF for 5 min (Allegra X-12R centrifuge; BeckmanCoulter, Krefeld, Germany), resuspended in Dulbecco modified Eagle medium (DMEM) culture medium (Biochrom), and stored until Percoll gradient centrifugation. Undigested tissue was removed from the screen, transferred to fresh collagenase solution, and digested for another 45 min. Before Percoll gradient centrifugation, the dissociated cells were incubated with DNase1 (0.01 mg/ml; Roche, Mannheim, Germany) in DMEM culture medium at room temperature (RT) during the next centrifugation step (250 RCF for 5 min). Cell pellets were then resuspended in 30 ml of DMEM and transferred to the top of a discontinuous Percoll gradient (1.02, 1.03, 1.04, and 1.05 g/ml in HBSS/Hepes [25 mM] with 2% Ficoll 400 [Sigma] and 2% bovine serum albumin [Sigma] ). Gradients were centrifuged for 20 min at 1200 RCF (break off); cells collected from the 1.03-1.05 g/ml interfaces were resuspended in approximately 20-30 ml of PBS. Five hundred to 2000 large cells (.30 lm) were subsequently collected manually from the unsorted cell suspension using pulled borosilicate glass capillaries (50-lm inner diameter) under a microscope with 1003 magnification. Sorted and unsorted cells were either processed immediately for DNA and RNA preparation, or dry cell pellets were quick frozen in liquid nitrogen.
Determination of Relative Numbers and Diameters of Luteal Cells
To determine the numbers of large luteal cells relative to total numbers of dissociated luteal cells, resuspended cells were fixed in ice-cold methanol for 10 min and washed with PBS, and the nuclei of cells were subsequently stained with 500 ng/ml of propidium iodide (Sigma) for 5 min at RT. Cells were washed again with PBS, embedded in 23 mg/ml of 1,4-diazabicyclo(2,2,2)octane solution in 90% glycerol with 100 mM Tris, and photographed under a Nikon (Natick, MA) microscope equipped with an epifluorescence device. Numbers of large luteal cells per stained nuclei were determined from photomicrographs.
For determination of cell diameters, freshly dissociated luteal cells were incubated in 0.13% trypan blue (Sigma) in DMEM for 5 min. Only unstained (i.e., vital) cells were measured in photomicrographs.
RNA Preparation, cDNA Synthesis, and Quantitative Real-Time PCR Total RNA was prepared with the RNeasy mini kit (Qiagen). Granulosa and luteal cells were homogenized using QIAshredder homogenizers (Qiagen). Theca and liver samples were disrupted with a bead grinder homogenizer (Precellys 24 Bertin technologies; PEQLAB Biotechnologie GmbH, Erlangen, Germany). RNA was quantified using a NanoDrop 1000 instrument (PEQLAB Biotechnologie GmbH), and the quality was monitored from randomly selected samples by denaturing agarose (1%) gel electrophoresis.
Gene-specific primers for cDNA synthesis and amplification of different transcripts were designed according to published mRNA sequences ( Table 1) . The cDNA was synthesized with M-MLV RT, RNase H Minus, Point Mutant (Promega, Mannheim, Germany) using gene-specific primers and cleaned with a High Pure PCR Product Purification kit (Roche).
For quantitative real-time PCR (qPCR), 0.5 ll and 0.25 ll of each purified cDNA sample were amplified with the LightCycler 480 SYBR Green I Master kit (Roche) in 12-ll total reaction volume. Measures from both reactions were averaged. Amplification and quantification of products were performed in a LightCycler 480 instrument (Roche) under the following cycling conditions: preincubation at 958C for 5 min, 40 cycles of denaturation at 958C for 20 sec, annealing at 608C for 15 sec, extension at 728C for 15 sec, and single-point fluorescence acquisition at 838C for 10 sec. To ascertain that only the expected products had been generated, the melting peaks of all samples were routinely determined by melting curve analysis. In addition, the length of all PCR products was monitored by agarose gel electrophoresis (3% agarose and 290 VANSELOW ET AL. ethidium bromide stained). Cloned PCR products of the respective genes were used to generate external standard curves. Routinely, dilutions of standards covering five orders of magnitude (5 3 10 À16 to 5 3 10 À12 g of DNA per reaction) were freshly diluted from stocks of 10 À9 g of DNA per microliter and coamplified during each run. Transcript abundance of CYP11A1, HSD3B1, and CYP19A1 was expressed relative to GAPDH transcripts encoding glyceraldehyde-3-phosphate dehydrogenase.
DNA Isolation, Bisulfite Modification, Amplification, and Sequencing
Genomic DNA of theca, granulosa, or luteal samples was isolated using the QIAamp DNA micro kit (Qiagen). DNA methylation was studied by bisulfite genomic sequencing [21] . Genomic DNA was modified with bisulfite using the EZ DNA Methylation-Gold kit (Zymo Research; HISS Diagnostics, Freiburg, Germany). Subsequent PCR was performed using HotStarTaq Plus (Qiagen) under the following cycling conditions: preincubation at 958C for 5 min, 45 cycles of denaturation at 958C for 15 sec, annealing at 538C for 15 sec, and extension at 728C for 2 min. Primers used for amplification of modified DNA and for direct sequencing are given in Table 2 . Positions of primers and of potential CpG methylation sites within promoters of CYP11A1, HSD3B1, and CYP19A1 are shown in Figure 1 .
The PCR products from modified DNA were directly sequenced with a LI-COR 4200 Series DNA Analysis System using a Thermo Sequenase Fluorescent Labeled Primer Cycle Sequencing kit (Amersham, Freiburg, Germany) or by a commercial sequencing service (Qiagen). The LI-COR sequence gel files were further processed and evaluated using Phred software (version 0.020425.c; University of Washington Genome Center, Seattle, WA) [22, 23] as detailed in [11] . At each individual CpG dinucleotide, the peak area of C (previously 5-methyl C) and/or T (previously unmethylated C) was determined. The percentage of DNA methylation was calculated from the measured peak areas using the following equation: % DNA Methylation ¼ Area of C / (Area of C þ Area of T) 3 100. The values from direct sequencing (LI-COR and Qiagen sequencing service) required correction for systematic technical deviations as previously described [11] . For this calibration procedure, the cloned PCR products with either C or T at corresponding CpG positions were amplified, the amplicons were mixed in different ratios (10%-90%) and directly sequenced, and the correction factors were determined by regression analysis.
In Silico Screening for CpG Islands and Statistical Analysis
The genes were screened for the presence of CpG islands using the EMBOSS CpGPlot/CpGReport/Isochore online tool (http://www.ebi.ac.uk/ Tools/emboss/cpgplot/index.html) with default settings (window, 100; step, 1; observed:expected ratio of C plus G [granulosa], 0.6; minimum average percentage of G plus C, 50; and minimum length of reported CpG island, 200 base pair [bp] ).
For statistical analysis, Student t-test or one-way ANOVA (StudentNewman-Keuls test, Kruskal-Wallis test on ranks, or Bonferroni t-test) was performed using the SigmaStat Statistical Analysis System (Jandel Scientific, San Rafael, CA). The connection between expression and methylation levels at individual CpGs was visualized in expression vs. methylation scatterplots and statistically analyzed using Fisher exact test. For this, samples were categorized in 2 3 2 contingency tables according to their methylation levels (!25% or 25%) at specific CpGs and their expression levels (! or the median of expression of all samples). A nonrandom connection between methylation and expression levels was considered statistically significant at P , 0.05.
RESULTS
Gene-Specific Methylation Levels in Granulosa and Theca from Large Dominant and Late Preovulatory Follicles
The screening of 6 kilobase (kb) of DNA sequence, including 3-kb upstream and 3-kb downstream, starting from the respective start sites of transcription of the CYP11A1, 
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HSD3B1, and CYP19A1 genes for the presence of CpG islands revealed that CpG islands are not present in any of these genes. For methylation analysis, 344, 427, and 506 bp of the proximal promoter sequences were amplified from CYP11A1, HSD3B1, and CYP19A1, respectively ( Table 2 and Fig. 1) ; within these amplicons, four, seven, and four individual CpGs, respectively, were analyzed by bisulfite direct sequencing of PCR amplicons. Methylation analysis of CYP19A1 revealed that CpG À113 was hypomethylated or virtually unmethylated in all ovarian tissue samples investigated (Fig. 2) . On the other hand, the remaining CpGs showed significantly different methylation levels in theca and granulosa. Granulosa samples were unmethylated, whereas theca samples displayed mean methylation levels between 28% and 72%, with highest values at CpG 18. There were, however, no significant differences between samples from estrogen-active or estrogen-inactive dominant and preovulatory follicles. In the liver samples that were analyzed as negative nonexpressing controls, all four CpGs, including CpG À113, were clearly methylated at much higher levels than granulosa or theca.
The most distal CpG (À314) of the CYP11A1 promoter was methylated in all tissue samples, whereas the more proximal CpGs showed low methylation levels in all ovarian samples (Fig. 2) . Despite this low level of methylation, more proximal CpGs showed significantly higher levels in theca compared with granulosa samples, which were virtually unmethylated. No significant differences were found within the same cell types (theca or granulosa) from estrogen-active or estrogeninactive dominant or preovulatory follicles. As in the case of CYP19A1, methylation levels of all four CpGs within the CYP11A1 promoter were remarkably higher in liver samples.
A similar observation was made in the case of HSD3B1, in which both distal CpGs (À364 and À310) were methylated at similar levels in all ovarian samples independent of the respective cell type (theca or granulosa) or physiological status of follicle differentiation (large dominant or late preovulatory). All five proximal CpGs of HSD3B1, however, showed considerably lower methylation levels and mostly significant cell type-specific differences. As was the case for CYP11A1 and CYP19A1, methylation levels of HSD3B1 in granulosa samples were lower than those in theca samples. Highest methylation levels were again found in liver samples.
Connection Between Gene Expression and Methylation Levels in Large Dominant and Late Preovulatory Follicles
To visualize the relationship between gene expression (i.e., relative transcript abundance) and methylation levels for individual CpGs, the methylation and expression data of individual samples from granulosa and theca were outlined in scatterplots (Fig. 3) . Liver samples were also included as negative controls because neither CYP11A1, HSD3B1, nor CYP19A1 transcripts could be detected in liver. The distribution of dots within these scatterplots strongly suggests that the relationship between expression and methylation levels is not random but also not linear: samples with high methylation levels (.25%) at specific CpGs rarely showed high-level gene expression. In contrast, low-level methylation ( 25%) was associated with either high-or low-level expression. This was not observed in the case of CpG À364 and À310 of HSD3B1 and CpG À314 of CYP11A1, which are located most distally relative to the respective start sites of transcription (Fig. 3) . For statistical analysis of this observation, the samples were categorized in the following four groups according to their expression and to their methylation levels at individual CpGs: Ia (methylation level 25% and expression level median of expression of all samples), Ib (methylation level 25% and expression level above the median), IIa (methylation level .25% and expression level median, and IIb (methylation level .25% and expression level above the median). The statistical analysis of the resulting 2 3 2 contingency tables that were generated for each individual CpG significantly confirmed the nonrandom connection between methylation and expression levels in the case of CpGs À203, À214, À216, and À284 of HSD3B1; CpGs À281, À169, and À128 of CYP11A1; and all CpGs of CYP19A1 (Fig. 3) .
Gene-Specific Expression and Methylation Levels in Large Luteal Cells
Presumably granulosa-derived large luteal cells were isolated from CL cyclica and graviditatis. The mean 6 SEM relative proportions of large luteal cells were 2.4% 6 0.3% in freshly dissociated cells and 1.1% 6 0.4%, 2.4% 6 0.4%, 2.9% 6 0.3%, and 1.4% 6 0.1% in cells from the 1.02, 1.03, 1.04, and 1.05 Percoll gradient fractions, respectively. Thus, a specific enrichment of large luteal cells was not observed in any of these fractions. Nevertheless, Percoll gradient centrifugation was used before sorting to eliminate erythrocytes and cell debris from the samples. In freshly dissociated cell preparations from CL cyclica and graviditatis, the mean 6 SEM diameters of large luteal cells were 36.5 6 1.7 lm and 43.2 6 1.5 lm, respectively. Small luteal cells from CL cyclica and graviditatis had mean 6 SEM diameters of 20.8 6 0.4 lm and 22.5 6 0.8 lm, respectively. The relative proportions and diameters of large luteal cells roughly corresponded to earlier reported values obtained using a different approach [24] .
Following collagenase dissociation and Percoll gradient purification, 500-2000 large cells (.30 lm) were isolated manually under microscopic control. As shown in Figure 4 , these hand-sorted cell preparations were virtually devoid of smaller luteal or other (e.g., endothelial) cells and consisted of a population of cells of uniform appearance. Trypan blue Table 1 ). 292 exclusion assays showed that most of these cells were intact and vital (not shown).
The relative transcript abundance of HSD3B1 and of LH and growth hormone receptor genes (LHCGR and GHR) in sorted large luteal cells and in dissociated but unsorted luteal cells was determined by qPCR. In most samples, CYP19A1 transcripts were found at undetectable levels. The relative transcript abundance of HSD3B1 and GHR was largely and significantly higher in sorted large luteal cells than in unsorted cells (Fig. 5) . In contrast, LHCGR transcript levels were higher in unsorted cells than in sorted cells from both CL cyclica and graviditatis.
The comparison of relative transcript abundance in granulosa of large dominant estrogen-active follicles, preovulatory follicles, and granulosa-derived large luteal cells demonstrated that HSD3B1 and GHR expression tended to transiently decrease during the preovulatory stage and to strongly and significantly increase after luteinization (Fig. 6) . In particular, HSD3B1 expression was very high in large luteal cells, increasing more than 20-fold after luteinization. The opposite was observed in the case of LHCGR, the expression of which was strongly reduced in preovulatory follicles and which remained at low levels in large luteal cells.
In luteal cells isolated from CL cyclica, individual CpGs within the HSD3B1 promoter tended toward lower methylation levels in sorted compared with unsorted cells (Fig. 7) . In contrast, in luteal cells from CL graviditatis, CpG-specific methylation levels of HSD3B1 were largely and significantly lower in sorted large than in unsorted cells. For CYP19A1, the low methylated or even unmethylated status of CpG À113 was confirmed irrespective of the sample type (sorted and unsorted cells from CL cyclica or graviditatis) (Fig. 7) .
All other CpGs showed mean methylation levels between 30% and 90%. In general, methylation levels were lower in sorted large cells compared with unsorted cells; however, except for CpG 18, the differences were without statistical significance.
DISCUSSION
Methylation Levels in Large Dominant and Late Preovulatory Follicles Are Cell Type Specific but Not Differentiation Specific
To our knowledge, this study presents for the first time data on cell type-specific methylation levels of individual CpGs   FIG. 2 . Cell type-and differentiationspecific methylation levels of individual CpGs within promoters of HSD3B1, CYP11A1, and CYP19A1. Individual CpGs are named relative to the start sites of transcription (Fig. 1) . Methylation levels were determined by bisulfite direct sequencing in granulosa (G) and theca (T) of large dominant estrogen-active (Da), large dominant estrogen-inactive (Di), and late preovulatory (P) follicles, as well as in liver as a nonexpressing control tissue. Methylation levels, SEMs, and respective numbers of samples (numbers in parentheses) are shown. Average methylation levels were compared by pairwise multiple comparison procedures (one-way ANOVA or Bonferroni t-test). Identical and different letters underneath columns denote similar and significantly different mean values, respectively (P , 0.05). nd, not determined.
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within CYP11A1, HSD3B1, and CYP19A1 in physiologically different follicles before and after the LH surge and in large luteal cells. These data were shown to be related to gene expression levels in the corresponding samples.
Methylation analysis revealed that even closely neighboring CpGs can exhibit very different methylation levels. On the other hand, the data also show very different cell type-specific methylation levels. The CpGs located proximal to the respective promoter start sites of the CYP11A1, HSD3B1, and CYP19A1 genes showed in part very different methylation levels in theca and granulosa, with very low levels in granulosa. In contrast, liver samples as nonexpressing negative controls showed highest methylation levels at these CpGs. Thus, all three genomic regions can be defined as tissuespecific differentially methylated regions [25] . These results are consistent with those of an earlier study [11] reporting very low levels of CYP19A1 methylation in granulosa from medium to large follicles and a high level of CYP19A1 methylation in luteal tissue. In the same study, it was also demonstrated that CSN1S1, a nonexpressed control gene encoding alpha-S1-casein, is clearly methylated in granulosa, thus excluding the possibility that DNA is generally unmethylated or hypomethylated in this particular cell type. The present study demonstrated that methylation levels of individual CpGs were similar in dominant estrogen-active and estrogen-inactive or late preovulatory follicles. This clearly indicates that before ovulation methylation levels of individual CpGs in all the genes investigated remain unchanged independent of the physiological status (estrogen active vs. estrogen inactive) or differentiation status (before or after the LH surge) of the respective follicles. However, it was shown in a recent study [4] that expression levels of CYP11A1 and particularly of CYP19A1 are largely and significantly down-regulated or even shut down in late preovulatory follicles. These data and the data of the present study clearly indicate that the modulation of DNA methylation is not involved in the profound preovulatory change of the gene expression profile. The data of the present study indicated a significant but nonlinear connection between methylation and gene expression levels only in the case of CpGs located proximal (i.e., closer than about 300 bp) to the respective start site of transcription: methylation levels above 25% seem to preclude high-level gene expression, whereas low-level methylation ( 25%) seems to be an essential but insufficient condition for high-level gene expression. The 25% level of methylation was arbitrarily set in this and previous studies [12, 13] as a reliable threshold to separate samples with high-level gene expression from those with low-level gene expression. Mechanistically, these observations accord with earlier studies [26, 27] that the methylCpG-binding protein MECP2 recruits histone deacetylases and the transcriptional repressor SIN3A, leading to chromatin compaction and local gene repression. This is also perfectly in line with the observation that liver samples, which do not express CYP11A1, HSD3B1, or CYP19A1, show highest levels of methylation, particularly of proximal CpGs.
Thus, the chromatin of the CYP19A1 promoter might be condensed and repressed in theca (and in liver) because of its high methylation levels in this cell type. Expression data demonstrating that CYP19A1 transcripts are barely detectable in theca [2, 4] are consistent with this idea. In granulosa, however, the same promoter is completely unmethylated independent of the differentiation status of the follicle, suggesting decondensed open chromatin. However, the fact that in the preovulatory granulosa very low methylation levels of CYP19A1 coincide with very low expression levels [4] demonstrates that, apart from permissive DNA methylation levels, other essential factors and conditions for high-level expression are no longer present in this tissue.
Methylation levels of proximal CpGs in CYP11A1 and HSD3B1 promoters are generally lower in theca than those found in CYP19A1. This might explain the fact that expression of both genes could be detected in theca, although CYP11A1 transcripts in particular were much more abundant in granulosa [4] . It is possible that the average methylation levels in theca of about 10% and 20% (CYP11A1 and HSD3B1, respectively) represent ''permissive'' levels that allow low or medium gene expression levels in this tissue.
From the present data, it is obvious that the positions of CpGs relative to transcription start sites are important for their methylation status. Basically, CpGs located more than about 300 bp upstream of such sites are methylated irrespective of the cell type. This was found in CYP11A1 in the case of CpG À314 and in HSD3B1 in the cases of CpG À310 and À364; it is in accord with data from a previous large-scale DNA methylation profiling study [25] demonstrating that generally only CpGs located proximal (either upstream or downstream) to the start sites of transcription are unmethylated (,20%), whereas more distal CpGs are preferentially heterogeneously methylated (20%-80%) or even hypermethylated (.80%). 
Remethylation of Promoter 2 May Be Involved in Permanent Silencing of CYP19A1 Expression in Granulosa-Derived Large Luteal Cells
Several lines of evidence indicate in cattle that cells of the granulosa differentiate into large luteal cells, whereas small luteal cells are derived from theca [28] [29] [30] [31] [32] . However, it is not clear whether theca-derived small luteal cells can also transform into large luteal cells under certain conditions. The latter possibility was suggested in several studies [28, 29, 33] ; however, other investigators rejected it because of the lack of morphological evidence for a transition state between the two cell types [34] . In any case, large and small luteal cells are quite different in their morphological, physiological, and molecular characteristics. Although large luteal cells make up only about 4% of the cells in the CL, they contribute about 80% of the luteal P4 production [29] . In sheep and cattle, however, P4 production by large luteal cells, in contrast to that by small luteal cells, is not responsive to LH [35] [36] [37] . This fact is consistent with the observation that LH-binding capacity and LHCGR mRNA are mainly present in small luteal cells [32] and theca but not in granulosa-derived or in in vitro-luteinized cells [38, 39] . In contrast, GHR and its mRNA are mainly expressed by large, not small, luteal cells [40] [41] [42] . These earlier results are confirmed by data of the present study. HSD3B1 expression was much higher in large luteal, presumably granulosa-derived, cells than in granulosa of dominant and preovulatory follicles. It is very likely that HSD3B1 expression is an important prerequisite for high-level P4 production by this cell type. Also, the expression of GHR was strongly increased after luteinization, while the opposite was observed in the case of LHCGR, which was down-regulated to low levels in large luteal cells.
The considerably higher levels of HSD3B1 and GHR transcripts and lower levels of LHCGR transcripts in handsorted compared with unsorted cells from CL cyclica and graviditatis indicated that this fraction predominantly consisted of granulosa-derived large luteal cells.
Alternative sorting methods such as Ficoll gradient centrifugation, elutriation, or flow cytometry have been reported [32, [35] [36] [37] 43] . The number of sorted cells yielded by these approaches was much higher than that achieved by hand sorting; however, most of these studies also reported considerable contamination with other cell types such as endothelial cells or undefined cell aggregates. For methylation analysis, the purity of sorted cells is crucial. Contamination with other cells will distort the methylation phenotype in a stoichiometric manner. Only flow cytometric sorting, with reported 90%-99% purity yields, might be a reasonable alternative [43] .
The methylation profile of HSD3B1 was clearly different in sorted and unsorted luteal cells. Generally, methylation levels were lower in sorted than unsorted cells; this difference was much more pronounced and highly significant in cells from CL graviditatis than in cells from CL cyclica. Mechanistically, this observation is consistent with the very high expression levels that have been observed in sorted large cells.
Also in the case of CYP19A1, methylation levels in sorted large cells tended toward lower values compared with unsorted cells, although these differences were small and significant only in the case of CpG À18. Most remarkably, however, except for CpG À113, which was virtually unmethylated in all ovarian cell types investigated, average methylation levels were between 30% and almost 50% irrespective of whether cells originated from CL cyclica or graviditatis. Assuming that the prevailing majority of large luteal cells actually were of granulosal origin, this clearly suggests that promoter 2 of CYP19A1, which was completely unmethylated in granulosa, was substantially methylated during the process of luteinization. This is perfectly consistent with expression data: CYP19A1 transcripts are highly abundant in pre-LH granulosa but could barely be detected in luteal cells; in particular, those directed from promoter 2 were completely absent [11] .
Taken together, the expression and methylation profiles in dominant and preovulatory follicles and in granulosa-derived large luteal cells documented in this study demonstrate that DNA methylation is not involved in the transient or permanent preovulatory down-regulation of HSD3B1, CYP11A1, and CYP19A1. However, they strongly suggest that promoter 2 of CYP19A1 is methylated during luteinization and that this methylation may be important for permanent silencing of this granulosa-specific promoter in luteal cells. Thus, DNA methylation may be important for stabilizing the CL-specific gene expression profile.
